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Umbilical cord blood (CB) has become a viable option for transplantation of haematopoietic stem cells (HSC) [1]. However, in adults their use is hampered by the insufficient numbers of stem cells per graft. In vitro expansion prior to transplantation might provide a strategy to overcome this limitation and to reduce time for haematopoietic recovery after transplantation [2-4]. Despite intensive research over the last decades, there are still no reliable methods for expansion of primitive and self-renewing haematopoietic stem and progenitor cells (HPC). Recent studies indicated that this might be facilitated by novel growth factor combinations
or ectopic expression of HOXB4 [6] . It is however unclear whether cytokines or genetic modifications could lead to real expansion of HPC with self-renewing capacity, as direct interaction between HPC and cellular components in the stem cell niche is crucial for regulation of haematopoiesis [7] [8] [9] 
Isolation and culture of mesenchymal stromal cells
MSC were isolated from human bone marrow and characterized as described in our previous work [27, 28] [30] . 
siRNA treatment and MAPK-inhibition
ITGB1-forward primer (F): 5Ј-CGTAGCAAAG GAACAGCAGA-3Ј, ITGB1-reverse primer (R): 5Ј-GCTTAGCTGT TGTGCTA-3Ј, VCAM1-F: 5Ј-TACC-CATTTG ACAGGCTGGA-3Ј, VCAM1-R: 5Ј-TGGAACAGGT ATGGTCACA-3Ј, Jagged1-F: 5Ј-CTTCCAACGA ACACCTGAA-3Ј, GAPDH-F: 5Ј-TTCGTCATGG TGTGAACCA-3Ј, GAPDH-R: 5Ј-CTGTGGTCAT AGTCCTTCCA-3Ј. Differential gene expression was normalized to GAPDH.
LTC-IC Assay
Long-term culture-initiating cell (LTC-IC) frequency was performed as described before [31] . 
cells and decreases after several cell divisions (B). CD38 expression is transiently up-regulated after several cell divisions and decreases thereafter in the FDF (C). Upon co-culture with MSC, the percentage of primitive CD34
ϩ CD38 [35] . We have addressed the role of MAPK1 in our co-culture system using either the inhibitor PD098059 or knockdown with small interfering RNA (Fig. 5) . (Fig. 6) . In contrast, maintenance of long-term culture-initiating cell (LTC-IC) frequency was not affected by siRNA treatment for ITGB1 and CD44 (Fig. 6G) . This suggests that ITGB1 and CD44 are involved in differentiation of HPC rather than maintenance of primitive HPC. (Table 1) . The relation of self-renewal versus differentiation is regulated by asymmetric cell divisions [7] . This has been proposed for HPC already 30 years ago [36, 37] [38, 39] . Using time lapse microscopy, we have demonstrated that asymmetric cell division of HPC correlates with asymmetric cell division kinetics: one daughter cell remained quiescent or divided very slowly while the other multiplied exponentially to yield committed progenitors and lineage specific colonies [34, 40] . LTC-IC and global gene expression profiling indicated that the slow-dividing fraction of HPC is highly enriched in more primitive HPC [41] . Interestingly, the symmetry of the initial cell divisions was only altered by a cellular environment [42] .
Ϫ cells was lower, whereas the number of gated events was higher (D).
Fig. 3 Co-culture shifts differentiation to higher numbers of cell division. CD34 ϩ cells were stained with CFSE and simultaneously cultured either without (grey dots) or with MSC (black dots) for 7 days. Each CFSE-peak (representing 0 to 12 cell divisions) was individually gated and analysed. Coculture with MSC enhanced the number of cell divisions (A). Decrease of CD34 expression of CD133 and of CD38 expression was delayed to a higher number of cell divisions by co-culture with MSC. On the other hand, up-regulation of differentiation associated markers CD45, CD13 and CD56 shifted to higher numbers of cell division (B). Data of three independent experiments were normalized to the corresponding auto-fluorescence (red lines
MAPK1 is involved in proliferation and differentiation of HPC
MAPK1 has been demonstrated to play an important role for proliferation as well as for differentiation towards granulocyte/macrophage lineages
Treatment with the inhibitor reduced proliferation of HPC. A similar effect was observed with siRNA treatment although knockdown of MAPK1 was aimed for MSC (Fig. 6A and B). This was attenuated if MSC were repeatedly washed with culture medium after transfection indicating that siRNA was also reverse transfected in the HPC (data not shown). Slower proliferation consequently resulted in a higher fraction of CD34
The role of adhesion proteins for HPC-MSC interaction
Various adhesion proteins including N-cadherin (N-CDH), cadherin-11 (CDH11), integrin beta 1 (ITGB1), CD44, VCAM1 and
Discussion
Homeostasis of the haematopoietic system is regulated by the stem cell niche in the bone marrow. Understanding of the molecular mechanisms of cell-cell interaction might facilitate reliable CB expansion for therapeutic application. Our data demonstrate that co-culture with MSC activates proliferation of HPC and maintains a primitive immunophenotype over a higher number of cell divisions. Proliferation of HPC is enhanced by MSC of higher cell passages and it involves MAPK1, N-cadherin and VCAM1. In contrast, maintenance of a primitive immunophenotype is favoured by MSC of early cell passages, whereas MAPK1, ITGB1 and CD44 are involved in immunophenotypic differentiation
. In these experiments, individual daughter cells were physically separated and cultured under different culture conditions and the results indicated (i) that lineage commitment was not influenced by cytokines and (ii) that asymmetric cell divisions of HPC might occur in a stochastic manner
The slow-dividing fraction of HPC is enriched in elongated cells with uropod formation and this has been shown in our previous work using the PKH26-dilution method [41] . These results were now verified with the CFSE-dilution method. It was however unexpected that the ratio of elongated cells in the SDF and FDF was inversed upon co-culture with MSC. The majority of HPC is polarized upon co-culture and the uropod at the trailing edge is involved in cell-cell adhesion [33, 43, 44] [48] . In the haematopoietic system, it has been demonstrated that MAPK1 plays an important role for myeloid lineage commitment [35] , megakaryocyte [49] and erythrocyte differentiation [50] . MAPK1 functions in proliferation and at the onset of lineage commitment. Furthermore, activation of MAPK1 mediates the effects of various cytokines and growth factors such as erythropoietin, stem cell factor, interleukin-3 and stromal derived factor 1 alpha [51, 52] . Therefore, we have tested the role of MAPK1 in our co-culture system. MAPK1 inhibition resulted in a lower proliferation of HPC. It also played a role for differentiation as CD34 expression was reduced after a lower number of cell divisions and up-regulation of CD38 was impaired. A similar effect on CD38 expression has been described before in smooth muscle cells [53] . The simultaneous analysis of this study provides further evidence that MAPK1 is essential for both proliferation and differentiation of HPC.
The natural haematopoietic stem cell niche attracts and anchors HSC. N-cadherin, CD44, VCAM1, Jagged1 and integrins have been suggested to be involved in this process [54] [55] [56] [57] [58] [57, [60] [61] [62] . Furthermore, CD44 is critical for formation of lymphoid and myeloid cells within the bone marrow [63] [64] [65] in vitro [66, 67] and there is evidence that this effect is mediated via MAPK1 activation [68] . In our previous work, we have shown that ITGB1-mediated contact with MSC increases self-renewal and LTC-IC maintenance by using a blocking-function antibody [62] . 
